The astonishingly efficient location and excision of damaged DNA bases by DNA repair glycosylases is an especially intriguing problem in biology. One example is the enzyme uracil DNA glycosylase (UNG), which captures and excises rare extrahelical uracil bases that have emerged from the DNA base stack by spontaneous base pair breathing motions. Here, we explore the efficiency and mechanism by which UNG executes intramolecular transfer and excision of two uracil sites embedded on the same or opposite DNA strands at increasing site spacings. The efficiency of intramolecular site transfer decreased from 41 to 0% as the base pair spacing between uracil sites on the same DNA strand increased from 20 to 800 bp. The mechanism of transfer is dominated by DNA hopping between landing sites of Ϸ10 bp size, over which rapid 1D scanning likely occurs. Consistent with DNA hopping, site transfer at 20-and 56-bp spacings was unaffected by whether the uracils were placed on the same or opposite strands. Thus, UNG uses hopping and 3D diffusion through bulk solution as the principal pathways for efficient patrolling of long genomic DNA sequences for damage. Shortrange sliding over the range of a helical turn allows for redundant inspection of very local DNA sequences and trapping of spontaneously emerging extrahelical uracils. facilitated diffusion ͉ search mechanism
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facilitated diffusion ͉ search mechanism T he large amount of background DNA sequences present in all genomes presents a formidable challenge for enzymes that must locate and react with rare specific sites in DNA. A demanding example is that of DNA-repair glycosylases that use an extrahelical recognition mechanism to identify the specific features of a damaged DNA base while it is camouflaged in a vast amount of undamaged genomic DNA (1, 2) . With almost unfathomable efficiency these enzymes excise a wide variety of oxidized, deaminated, or alkylated bases, thereby preventing adverse consequences to the coding content of the genome (3) . Recent structural and NMR dynamic studies have established that the enzyme uracil DNA glycosylase (UNG) detects uracil in duplex DNA by trapping the base as it partially emerges from the base stack because of thermal breathing motions of the DNA (4), a mechanism that places stringent kinetic constraints on recognition (1) .
How can such efficient site location events occur in the presence of nontarget DNA sequences? The mechanism may be appreciated by recognizing that these enzymes possess weak micromolar binding affinities for DNA lacking a specific damaged base lesion (5) (6) (7) (8) . Although nonspecific DNA binding sites behave as competitive inhibitors if located on another DNA molecule from that containing the site of damage, these sites can serve as a molecular conduit for facilitated location of the damage site when present on the same DNA chain. This phenomenon is known as ''facilitated diffusion,'' and for monomeric proteins with a single DNA binding site, may arise by two general pathways. The first pathway involves protein sliding along the DNA backbone, which serves to reduce the 3D-search process to a single dimension along the linear contour of the DNA. Because 1D diffusion is a thermally driven process, each step that the protein makes along the DNA contour has an equal probability of being in the direction of the damage, or alternatively, in the opposite direction (5, 9, 10) . Thus, a hallmark of 1D sliding is that the probability of a protein reaching a specific site after leaving a defined position on the DNA contour decreases in proportion to the square of the number of base pair steps (n) between the initial and damaged sites (11) . This property of 1D sliding makes it an extremely slow and highly redundant process for searching long stretches of DNA for damage, but ideal for scanning local sequences. The second facilitated pathway involves intramolecular hopping along the DNA chain (5). This mechanism serves to reduce the volume of the search process, but in contrast with the 1D pathway, the probability of the protein encountering the damaged site after departing a defined position on the DNA decreases with the inverse of the distance between the initial and damaged sites (1/r) (11) . Hopping is more efficient than sliding over longer distances because it does not involve repetitive and fruitless searching of the same local DNA sequence.
The experiments in this article explore the nature of facilitated diffusion for the DNA repair enzyme uracil DNA glycosylase from Escherichia coli (UNG). This extensively studied enzyme excises uracil from U/A or U/G base pairs in DNA that arise from either misincorporation of dUTP during DNA replication, or alternatively, spontaneous or enzymatic cytosine deamination (12) . As detailed above, sliding or hopping mechanisms for intramolecular site transfer can in principle be distinguished by their distinctive n 2 or 1/r dependences, respectively. Consequently, by embedding two uracil sites within a single DNA chain at increasing site spacings, the site location mechanism of UNG may be deciphered. Our findings resolve previous conflicting reports concerning the relative contributions of sliding, hopping, and 3D bulk diffusion pathways for site location by UNG (13, 14) , and call attention to the absolute requirement for shortrange scanning along the DNA backbone for enzymes that trap damaged bases in their open state.
Results
Measuring Intramolecular Uracil Excision. These studies required synthesis of large DNA substrates with two uracils spaced at defined distances from each other ( Fig. 1 ; see also supporting information (SI) Methods and Figs. S1-S4) (15) . Three substrates of 90 bp total length were synthesized in which the two uracils were located on either the same or opposite DNA strands with a 20-bp spacing (Fig. 1, S20 and S20 opp ), or on the same strand with a 56-bp spacing (S56Ј). The remaining substrates with longer total lengths of 700-1,100 bp had uracils incorporated on a single DNA strand with spacings of 56 (S56), 200 (S200), 400 (S400), and 800 (S800) bp. In addition, a 731-bp DNA was constructed in which the uracils were spaced by 56 bp on opposite strands (S56 opp ). The substrates were engineered such that the sequences 15 bp on either side of the uracil were identical to negate excision rate differences because of divergent sequences at the two sites.
The intramolecular excision efficiencies were measured by using the approach originally used by Modrich and colleagues (16, 17) for restriction enzyme EcoRI, and later by Stanford et al. (9, 10) for EcoRV. In brief, a substrate containing two reactive sites is incubated with a small amount of enzyme such that the probability of two enzyme molecules reacting with a single substrate is extremely small. Under initial rate conditions, an enzyme molecule binds to the substrate at a random position and then diffuses to and excises one of the two uracils (k cl , Fig.  2 ). Once the uracil is excised from either of the sites in a primary cleavage event, the instantaneous position of the enzyme is then ''marked'' with respect to the other site. At that moment, one of two competing events takes place: (i) escape of the enzyme from the DNA domain such that it encounters a virgin substrate molecule rather than the singly excised substrate it just departed (k esc , Fig. 2 ), or (ii) intramolecular transfer and excision of the second uracil site in the same molecule in a secondary excision event (k intra , Fig. 2 ). The intramolecular transfer and excision efficiency ( f intra , Eq. 1) depends on the product of the transfer probability [T ϭ k intra /(k intra ϩ k esc )], which decreases with site spacing, and the efficiency of uracil excision once the site is located [E ϭ k ex /(k ex ϩ k off )], where k ex is the excision rate and k off is the off-rate from the uracil site.
Although Eq. 1 shows that f intra depends on two kinetically determined probabilities, the most useful experimental method to obtain f intra is to measure the stoichiometries of the single-and double-excision products as a function of time, which directly reflect the probabilities in Eq. 1 (Fig. 3A) . Experimentally, the reactions are first quenched at various times with a potent and specific inhibitor of UNG (18, 19) , and the uracil excision products are then converted to unique dsDNA fragments AB, BC, A, and C by using abasic site endonuclease and restriction endonuclease nicking reactions (SI Methods). The central aspect of this method is that the single-excision intermediates (fragments AB and BC) are consumed when UNG transfers successfully to the second site and excises the uracil. Accordingly, after postreaction processing, intramolecular transfer events are revealed by a stoichiometric excess of the products A and C, which are produced by both single-and double-excision events, compared with the singly excised intermediates AB and BC (Fig. 3A) . The intramolecular transfer efficiency ( f intra ), which is described kinetically in Eq. 1, may therefore be equivalently expressed in terms of DNA fragment concentrations (Eq. 2). In the numerator of Eq. 2 is the number of single-enzyme substrate encounters resulting in excision at both uracil sites in a single encounter
, and this is divided by the total excision products ( (10, 16, 17) .
We note that f intra must be obtained by extrapolation to time 0 of the reaction, because as time progresses, the ratio in Eq. 2
Thus, f intra is obtained from a plot of the apparent f intra values against time and extrapolating to the ordinate axis by using a second-order polynomial nonlinear best fit to the data (see below).
Intramolecular Transfer Between Sites Positioned on the Same DNA
Strand. The time course for reaction of UNG on substrates S20 through S800 was carried out with an enzyme-to-substrate ratio of 1:4,000 with a low-salt buffer (10 mM NaCl). Because a minimal binding site for UNG encompasses approximately one turn of the DNA helix (20) , S20 has nearly overlapping binding sites. Visual inspection of the product band intensities for reaction of S20 (Fig. 3B) reveals that, at the earliest time points in the reaction, the concentrations of fragments A and C exceed those of BC and AB, indicating that intramolecular transfer is occurring. In significant contrast, the relative concentrations of fragments A, C, BC, and AB in the initial rate regime are nearly the same for S400, indicating that very little intramolecular site transfer occurs at this spacing (Fig. 3C) . Similar experiments were performed by using substrates S56, S200, S400, and S800, and the apparent f intra values as a function of time were plotted with the corresponding second-order polynomial fits used to obtain the limiting values for f intra at zero time (Fig. 4A) . The limiting values for f intra decreased from a maximum of 0.30 at the 20-bp spacing to zero at the longest spacing of 800 bp (Fig. 4B , Table 1 ). A recent study with UNG using a single short site spacing of 20 bp reported a small transfer efficiency of 0.4 at zero [NaCl], which is similar to the more extensive measurements reported here under different conditions (21) . In addition, the strong distance dependence of the intramolecular transfer efficiency of UNG provides an explanation for previous descriptions of UNG as behaving both processively and distributively depending on the site spacing (13, 14) . We also found that f intra at a 56-bp spacing decreased to 0.0 Ϯ 0.05 (Table 1) , when the salt concentration was increased to a level approximating the intracellular concentration (150 mM NaCl). The decrease in intramolecular site transfer as the ionic strength is increased is consistent with the expectation that lowering the binding affinity for nonspecific DNA should increase the escape rate of UNG from the DNA domain, but also reflects decreases in the uracil excision efficiency once the site is encountered (the steady-state rate of single-site excision is 30-fold slower in the presence of 150 mM NaCl).
Intramolecular Transfer Between Sites Positioned on Opposite DNA
Strands. If intramolecular transfer is observed for a substrate where the two uracil sites are embedded on opposite strands of the DNA duplex, then transfer must involve at least one dissociation event that allows the enzyme to reorient with respect to the DNA (9) . In other words, substrates with sites on opposite strands are deficient in the single-strand sliding pathway for transfer, and any intramolecular transfer that is observed for such substrates must occur by at least one dissociation/ reorientation event. To test this aspect of site transfer, we constructed substrates S20 opp and S56 opp with short site spacings for comparison with the analogous substrates S20 and S56. Short site spacings were chosen because sliding would be expected to make the largest fractional contribution to the observed intramolecular transfer efficiency with such substrates. As reported in Table 1 , f intra was indistinguishable for substrates S20 and S20 opp as well as S56 and S56 opp . Thus, these data provide no evidence for a significant single-strand sliding component to intramolecular transfer even at short site spacings of 20 and 56 bp.
Determination of the Uracil Excision Efficiency. As shown in Eq. 1, the overall intramolecular transfer efficiency depends not only on the probability of transfer but also the uracil excision efficiency once the site is reached (E). Determination of the excision efficiency requires measurement of the partitioning of UNG between uracil excision (k ex ) and dissociation from the site (k off ). We obtained the partitioning ratio k ex /k off from a pulse-chase experiment in which excess UNG was rapidly mixed with a 3Ј-32 P-labeled 283-bp duplex containing a single uracil approximately in the center of the sequence. Our approach is conceptually similar to the classic steady-state kinetic partitioning methods of Rose (22) , but is performed under conditions of excess enzyme and limiting substrate (Fig. 5A and SI Methods). When 1 M UNG was mixed with 20 nM substrate for 2 ms and the reaction was quenched with 0.5 M HCl, 8 nM excision product was formed (P* q ) and 12 nM bound substrate was left unreacted (ES*, Fig. 5A , see also Fig. S4 ). In contrast, when the acid quench was replaced with 60 M abasic DNA (K D Ϸ 30 nM) to serve as a trap for UNG after it dissociated from the ES* complex, the 12 nM ES* present at 2 ms was converted to 3 nM *Measured intramolecular excision efficiencies ( fintra) were divided by the site excision efficiency E ϭ 0.73. Errors are standard errors of the mean (n ϭ 2-4). † Uracil site spacings were calculated by using the wormlike chain model for the DNA polymer (35) . An average value for the persistence length (P l) of 53 nm was used based on single-molecule force-extension measurements at 10 mM sodium ion concentration at 25°C (23, 24) . The two experimental values P l ϭ 47 nm and 58 nm provide lower and upper bounds for the uncertainty in the site spacings. ‡ The value in parentheses was measured by using 150 mM NaCl (red data point, Fig. 4B ).
free substrate (S* T ), and 9 nM was excised to form product (P* T ). Because P* T /S* T ϭ k ex /k off ϭ 9/3, then the excision efficiency E ϭ k ex /(k ex ϩ k off ) may be directly calculated as 0.73.
Discussion
Mechanism of Intramolecular Site Transfer. The site-spacingdependent transfer efficiencies reported in Table 1 provide unambiguous evidence that UNG uses facilitated diffusion to locate and excise the second uracil site. Encoded in the distance dependence of f intra ϭ f slide ϩ f hop are the contributions of the sliding ( f slide ) and hopping ( f hop ) pathways. To test explicitly whether the site-spacing dependence of f intra could be accommodated solely by a sliding mechanism we used Eq. 3 (10, 11) . In Eq. 3, the f intra values f intra /E ϭ P s n2 [3] are first divided by the efficiency of excising the site once it is encountered (E ϭ 0.73), so that the data depend now only on the site transfer efficiencies (T) rather than the product T ϫ E (see Eq. 1) (10) . The efficiency of intramolecular transfer by sliding depends on the probability of sliding as opposed to escape at each base pair step (n) along the way P s ϭ k slide /(k slide ϩ k esc ). Because P s is always a fraction less than unity raised to the n 2 power, then f slide decreases sharply as site spacing increases. As shown in Fig. S2 , we were unable to adequately fit the data in Table 1 to Eq. 3. This is not entirely surprising because the escape rate of UNG from nonspecific DNA can be estimated to be approximately k esc ϭ 200 s Ϫ1 at 37°C and 10 mM NaCl based on the measured K D ϭ 1 M and UNG's diffusion controlled on-rate of 2 ϫ 10 8 M Ϫ1 s Ϫ1 (SI Methods). This very short residence time ( bind ϭ 1/k esc ϭ 5 ms) provides a small window for sliding to occur. In addition, it is difficult to reconcile the identical site transfer efficiencies for the substrates with the uracils on the same and opposite strands by a strand sliding mechanism, because excision on the opposite strand requires at least one dissociation event to reorient UNG with respect to the substrate polarity (Table 1) . Thus, these combined data strongly indicate that dissociation and reorientation of UNG relative to the DNA strands is a frequent event even at a short site spacing of 20 bp, and consequently, f slide has a small contribution to intramolecular transfer when the spacing is Ն20 bp.
The probability of hopping to the second site and excising the uracil ( f hop ) will depend on the radius of the site (a), and the inverse of the mean distance between the first and second uracil sites (1/͗r͘) (Eq. 4) (11). In Eq. 4, the observed f intra values
are normalized to the site excision efficiency as done above for sliding, and ͗r͘ may be calculated by using the wormlike chain model for the DNA polymer (23, 24) . The a/r dependence of the site hopping probability is anticipated because hopping is a reduced-volume 3D search and, thus, is proportional to the radius of the target site (a) and inversely proportional to the distance that must be traveled to reach that site. Although this analysis assumes a spherical target site, in general, the corrections for shape are small and would have little effect on the distance dependence of f intra (11) . As shown by the nonlinear regression fit to the data in Fig. 4B , the site spacing dependence of f intra /E may be fit by using Eq. 4 with a target size a ϭ 3.7 Ϯ 0.4 nm (R 2 ϭ 0.85). The site size of approximately one helical turn of B DNA indicates that on landing within Ϸ10 bp of a uracil site, UNG locates and excises the uracil with an efficiency of 0.73. Over this short range, UNG likely translocates via sliding as required by the kinetic restraints detailed below.
Short-Range Sliding Is Vital for Extrahelical Uracil Trapping.
Although sliding occurs over a distance of only 10 bp, short-range sliding plays an indispensable function in uracil recognition by UNG. Recent crystallographic and NMR dynamic findings have established that the earliest event in uracil recognition is trapping of thymine and uracil bases after base pair breathing motions have ejected them from the DNA base stack into a transient exo binding site on UNG (4, 25, 26) . For this mechanism to be physically plausible several parameters must be kinetically matched: the binding lifetime of UNG at a nonspecific landing site, the dynamic motions of the base pair that lead to exposure of the uracil, and the sliding rate (Fig. 6) . The binding lifetime of UNG for undamaged DNA is estimated to be bind ϭ 5 ms (SI Methods), and therefore, UNG will scan Ϸ10 bp of DNA during The ratio of bound substrate that dissociates (S * T) to that which reacts to form product (P * T) in the chase period gives the ratio kex/koff. (B) Product (squares) and substrate (triangles) concentrations during the chase time. The amount of product that is formed during the chase period must be corrected for the amount that was present after the 2-ms aging period (P * q, dashed line); this correction is obtained from the acid-quenched samples (SI Methods). Because the trap is not 100% efficient, the released substrate can slowly rebind and react to form more product, thus the true ratio of P * T/S * T ϭ k ex/koff is obtained by extrapolation to zero time. . Thus, on average, UNG can sample four opening events during its binding lifetime. Binding from bulk solution to an extrahelical uracil is not a kinetically competent pathway for recognition (26) .
this period, sampling each base pair for an average of 5 ms/10 bp ϭ 0.5 ms/bp. The opening rate of T/A and U/A base pairs at 37°C may be estimated to be Ϸ8 ms Ϫ1 based on the enthalpies of T/A base pair opening determined by NMR imino proton exchange measurements over the range 0 to 20°C (a U/A base pair opens with a similar rate as T/A) (26) (27) (28) . Therefore, if one U/A base pair is present within 10 bp of the landing site, four opening events will be sampled (i.e., 0.5 ms/bp ϫ 8 opening events ms Ϫ1 ). Without short-range scanning of the duplex, trapping of a spontaneously emerging thymine or uracil base would be an improbable event, and therefore, a prohibitively inefficient mechanism. Such a mechanism likely applies to a previously described UNG mutant that excises thymine (29) . A reasonable question is whether the in vitro mechanism proposed here with the bacterial UNG is sufficient to account for rapid repair of genomic DNA by human UNG. It may be calculated from the number of UNG molecules (3 ϫ 10 12 per liter) and base pairs in these in vitro reactions (Ϸ10 19 per liter), and the assumption that each base pair is inspected by the enzyme, that each UNG inspects on average three million base pairs before repair. Under these conditions, complete excision of the uracils occurs in Ͻ60 min. In human cells, similar calculations indicate that each UNG would only have to patrol Ϸ15,000 bp based on its steady-state abundance (Ϸ200,000 per nucleus), and the number of base pairs in the genome (3 ϫ 10 9 ) (3). Therefore, extrapolating from the in vitro studies, genomic uracils would be expected to be removed in a time frame of seconds.
Intramolecular Transfer Mechanisms of Enzymes.
In recent years several studies have revealed key insights into the nature of intramolecular DNA transfer by enzymes, which can be compared with the current findings with UNG. The dimeric restriction enzyme EcoRV was found to use both hopping and scanning to locate its 6-bp target sequence employing methods analogous to those used here (9, 10) . In this case, the size of the landing site was estimated as 50 bp, which is five times larger than the 10-bp site size for UNG. In addition, 40% of the EcoRV molecules were found to dissociate before encountering a site Ϸ200 bp away (T ϭ 37°C, 25 mM NaCl) (10), whereas 50% of UNG molecules dissociate when the separation is 30 bp (Fig. 4B) . The larger landing site size for EcoRV likely reflects the increased probability of finding a 6-bp palindromic recognition sequence, as opposed to locating a single extrahelical base in the case of UNG. In addition, the greater DNA interaction surface of the EcoRV dimer would lead to a longer residence time on nontarget DNA as compared with UNG and a greater time window for sliding (30, 31) . A single molecule study of the enzyme 8-oxoguanine DNA glycosylase (hOGG1) indicated that this enzyme slides over Ϸ400 bp of DNA before dissociation (25°C, 0.1 M NaCl) (32) . However, hopping events were not observed because these experiments were performed by using flow conditions to stretch the DNA, and the time resolution of the single-molecule methodology was not sufficient to detect rapid association-dissociation events. The results of these three studies differ only in the relative amounts of sliding and hopping that occur, and suggest that hopping and short-range sliding over Ϸ10-100 bp will predominate in the intramolecular site location mechanisms of many, if not all enzymes.
Materials and Methods
Enzymes. The purifications of E. coli UNG and human apurinic/apyrimidinic endonuclease (APE1) were described in refs. 33 and 34. All enzymes, with the exception of Exonuclease V (USB), shrimp alkaline phosphatase (Roche), and PfuUltraHigh-Fidelity DNA Polymerase (Stratagene) were purchased from New England Biolabs.
Oligonucleotides and DNA Substrate Synthesis. In general, all oligonucleotides were purchased from Integrated DNA Technologies. A detailed protocol for the synthesis of substrates containing two uracil sites is included in the SI Methods.
Intramolecular Transfer Measurements and Analysis.
A detailed protocol is included in the SI Methods. In brief, end-labeled DNA (20 nM) in reaction buffer [0 mM Na-Hepes (pH 7.5), 0.002% Brij 35, 10 mM NaCl, and 1 mM DTT] was warmed to 37°C before initiation of the reaction with E. coli UNG (final concentration, 5 pM). Samples were removed at appropriate time intervals and UNG was specifically quenched by adding 5 l of a potent inhibitory oligonucleotide (50 nM) and then chilling the quenched sample on ice. Discrete double-stranded DNA fragments were generated by specifically nicking each strand of the product with human abasic endonuclease (Ape1) and N. BbvCIB restriction enzyme. The nicking reaction was terminated with EDTA (38 mM) and the DNA fragments were resolved by electrophoresis by using a native 4% polyacrylamide gel in 1ϫ TBE buffer. The gels were exposed to a phosphorimaging plate (Fujifilm), scanned by using a Fujifilm BAS-2500 phosphorpmager, and the DNA bands were quantified. The apparent f intra values were calculated as described in SI Methods, plotted as a function of time, and fitted to a second-order polynomial equation.
